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Introduction {#sec1}
============

Huntington disease (HD) is a currently incurable, inherited neurological disorder characterized by irregular and involuntary movements of the muscles and progressive loss of cognitive ability ([@bib42]). HD is caused by the expansion of a CAG trinucleotide repeat within exon 1 of the huntingtin (HTT) gene, which leads to the production of a toxic mutant protein that kills striatal medium spiny neurons (MSNs) and also affects the surrounding regions of the brain ([@bib14]). Current treatment options for HD offer only early stage symptomatic relief and do not affect disease progression. HD patients thus experience a declining quality of life following disease onset and eventually succumb to the disease ∼20 years after its initial manifestation ([@bib16]), and effective treatments for HD are therefore urgently needed.

Cell replacement therapy (CRT), an approach in which cells are transplanted to replenish damaged or dysfunctional tissue, offers promise for treating HD. For example, seminal clinical trials ([@bib7], [@bib17]) demonstrated slowed cognitive deterioration and moderately improved motor function in HD patients following the transplantation of fetal-derived neural tissue. While both promising and pioneering, these strong proof-of-concept efforts were ultimately unable to halt disease progression, perhaps due to a lack of effective donor cell sources and the transplantation of poorly defined cell populations ([@bib40]). Fortunately, human pluripotent stem cells (hPSCs), with their hallmark capacities for unlimited self-renewal and broad differentiation, represent a potentially unlimited source of tissue for cell therapy to enable CRT for HD to proceed. In important prior work, striatal MSNs ([@bib4], [@bib6], [@bib13], [@bib31]) were generated from hPSCs by modulating the Sonic Hedgehog (SHH) and/or WNT signaling pathways, which enabled subsequent application of these cells toward CRT in HD. That said, transplantation of these striatal populations into chemically lesioned rodent models of HD led to mixed therapeutic outcomes ([@bib4], [@bib13], [@bib31]), including graft overgrowth ([@bib6], [@bib13], [@bib31]) and only partial functional recovery. Therefore, there has been some important progress, although general methods to efficiently generate safe, transplantable cells capable of alleviating disease symptoms are still needed.

In general, three-dimensional (3D) biomaterial scaffolds potentially offer a biomimetic environment that can enhance the derivation of specific cell populations from hPSCs ([@bib36]). Several materials have been previously utilized for pluripotent stem cell culture and differentiation, including hyaluronic acid and alginate ([@bib19], [@bib22], [@bib28]). In addition, we have proposed 3D biomaterial culture as a scalable platform for stem cell expansion and differentiation ([@bib28]) to satisfy the large-scale manufacturing demands needed for clinical translation of cell therapy. Previously, we used a fully defined, biocompatible, thermoresponsive, and scalable poly(N-isopropylacrylamide)-co-polyethylene glycol (PNIPAAm-PEG) 3D hydrogel system to continuously and efficiently expand hPSCs for months *in vitro*, at higher expansion rates compared with other commonly used 3D materials ([@bib28]). This thermoreversible material is a liquid below room temperature and forms a gel at 37°C, which enables rapid, non-enzymatic, stress-free encapsulation and recovery of cells by simple temperature cycling between 4°C and 37°C, making it an ideal 3D platform from which to harvest fragile neuronal cells. We also previously demonstrated that hPSC-derived dopaminergic neuronal progenitors ([@bib28]), midbrain dopaminergic neurons ([@bib2]), and oligodendrocyte progenitors ([@bib39]) could be generated in this PNIPAAm-PEG system.

Here, we engineered this scalable, thermoresponsive biomaterial platform to develop a protocol for producing hPSC-derived striatal progenitors that rapidly attain an MSN-like phenotype. We show that striatal progenitors generated in 3D promote functional recovery and extend survival following transplantation into a progressively degenerating transgenic mouse model of HD. Importantly, grafted cells innervated the host tissue and formed synaptic connections with endogenous neurons. Our results therefore indicate that hPSC-derived striatal cells generated in 3D have potential for treating HD.

Results {#sec2}
=======

Modulating Wnt and SHH Signaling to Generate Striatal Progenitors in a 3D Hydrogel {#sec2.1}
----------------------------------------------------------------------------------

We investigated whether hPSC-derived striatal progenitors could be efficiently generated within a 3D biomaterial. During natural development, striatal MSNs arise from lateral ganglionic eminence (LGE) striatal progenitors in the telencephalon within a region specified antero-posteriorly (AP) by opposing Dickkopf related protein 1 (DKK1) and WNT signaling, and dorsoventrally by WNT and SHH signaling ([Figure 1](#fig1){ref-type="fig"}A). Previously, using approaches inspired by natural development, dopamine, and cyclic AMP (cAMP) regulated neuronal phosphoprotein (DARPP32)^+^ neurons were generated from hPSCs using SHH modulation alone ([@bib31]) or in combination with the WNT antagonist DKK1 ([@bib13]). WNT inhibition, in particular, yielded MSNs transcriptionally similar to those present in the brain. Moreover, several other non-MSN neuronal lineages ([@bib21], [@bib23]) were previously generated using Neurobasal medium, a formulation that enhances neuronal culture compared with other media ([@bib9]), such as DMEM. Hence, we designed three different MSN differentiation media conditions (M1, M2, and M3) to investigate the combinatorial effect of DKK1, SHH, and Neurobasal medium on generating MSN-like cells in a thermoreversible PNIPAAm-PEG hydrogel ([Figure 1](#fig1){ref-type="fig"}B).Figure 1Optimizing MSN Differentiation in Three Dimensions(A) Development of LGE progenitors. Antagonistic DKK1 and WNT signaling give rise to the telencephalon in the rostral forebrain (blue inset). In the posterior telencephalon (red inset), antagonistic WNT and SHH signaling produce the LGE progenitors.(B) Schematic and media conditions for MSN differentiation optimization in three dimensions. H1 hESCs encapsulated in hydrogels were differentiated into LGE progenitors for 26 days and subsequently matured into MSNs on laminin-coated plates. Three different protocols were tested (M1, M2, and M3) with varying WNT/SHH modulation (X) and basal medium (Y).(C) qPCR at D28 of differentiation for media conditions M1, M2, and M3, showing log~2~ gene expression normalized to GAPDH.(D) Representative immunocytochemistry images at D45 for conditions M1, M2, and M3, showing CALBINDIN (red, left panels), DARPP32 (red, center panels), and GABA (red, right panels), with MAP2 (green) and nuclei labeled with DAPI (blue). Scale bars represent 20 μm.(E) Quantification of immunocytochemistry results showing the percentage of total cells positive for DARPP32, CALBINDIN, and GABA for conditions M1, M2, and M3. Data are presented as mean ± SEM for n = 3 independent experiments. ^∗^p \< 0.05 for unpaired t test.

After 26 days (D26) of differentiation of H1 hESCs in the 3D biomaterial using conditions M1, M2, and M3, we used qPCR to profile the resulting cells ([Figure 1](#fig1){ref-type="fig"}C). The three conditions generated cells with equivalent levels of *CTIP2* (also known as *BCL11B*), a transcription factor essential for the formation of DARPP32^+^ MSNs ([@bib5]). However, we found that WNT inhibition (M2 relative to M1) increased the expression of markers found in the early LGE, namely *GSX2* and *OTX2*, and decreased the expression of both the late LGE progenitor markers *FOXP1* and *FOXP2* and the pan-neuronal marker *MAP2* ([Figure 1](#fig1){ref-type="fig"}C). WNT inhibition may thus delay differentiation in these experiments. Interestingly, inclusion of Neurobasal medium (M3) alongside WNT inhibition reversed this trend, yielding the lowest levels of *GSX2* and *OTX2* and the highest levels of *FOXP1*, *FOXP2*, and *MAP2* among the three conditions tested ([Figure 1](#fig1){ref-type="fig"}C).

Next, we investigated the potential for *in vitro* neuronal maturation of LGE (striatal) progenitors generated in 3D hydrogels using the three protocols (M1, M2, and M3). Toward this end, we harvested progenitors generated in 3D for 26 days and further cultured them on a two-dimensional (2D) laminin-coated surface for ease of staining and microscopy. Immunocytochemistry analysis at D45 revealed γ-aminobutyric acid (GABA) and CALBINDIN expression in cells generated under all three conditions ([Figures 1](#fig1){ref-type="fig"}D and 1E). Interestingly, however, WNT inhibition with DKK1, with or without Neurobasal medium, doubled the number of DARPP32^+^ cells from 20% to 40%. Taken together, these results indicate that combining WNT inhibition and SHH activation within the 3D platform efficiently yields striatal progenitors and that Neurobasal medium accelerates the process. Thus, from this point on, striatal progenitors were differentiated using condition M3. Notably, condition M3 differs from previously established striatal differentiation conditions through the combined use of the SHH agonist PPA with WNT antagonist DKK1, and the neuron supportive base medium Neurobasal. To demonstrate broader applicability, we used this protocol to similarly differentiate H9 hESCs and 8FLVY6C2 hiPSCs ([@bib25]) to striatal cells ([Figure S1](#mmc1){ref-type="supplementary-material"}).

As a benchmark, we differentiated striatal progenitors on a conventional 2D platform (Matrigel-coated polystyrene) using media condition M3 ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). Quantitative immunocytochemistry showed a steady increase in DARPP32^+^ and CTIP2^+^ cells from ∼7% and 3%, respectively, on D25 to 22% and 31%, respectively, on D45 in 2D ([Figure S2](#mmc1){ref-type="supplementary-material"}B), on par with a previous study reporting ∼20% hPSC-derived DARPP32^+^/CTIP2^+^ neurons using a 2D platform with a similar protocol ([@bib13]). In contrast, in parallel 3D cultures at D28, we found a 7-fold higher proportion of DARPP32^+^ and a 13-fold higher proportion of CTIP2^+^ striatal cells (p \< 0.05) relative to D25 2D cultures ([Figure S2](#mmc1){ref-type="supplementary-material"}B). qPCR corroborated these findings and showed that common striatal MSN markers, including *DARPP32* (also known as *PPP1R1B*), *CTIP2*, *FOXG1*, *FOXP1*, and *FOXP2*, were upregulated in 3D between D28 and D45 ([Figure S2](#mmc1){ref-type="supplementary-material"}C). Thus, striatal MSN-like cells were generated at a higher efficiency when starting in a 3D platform.

Striatal Progenitors Generated in 3D Mature into Striatal Neurons that Fire Action Potentials {#sec2.2}
---------------------------------------------------------------------------------------------

To investigate functional maturation of the striatal neurons, striatal progenitors were generated in 3D hydrogels for 26 days and then matured on 2D laminin-coated plates, to facilitate voltage-sensitive dye-based imaging of action potentials ([@bib24]). Immunocytochemistry at D60 showed robust expression of the striatal MSN markers DARPP32, CTIP2, GABA, and CALBINDIN ([Figures 2](#fig2){ref-type="fig"}A--2C). Specifically, 78% of cells were MAP2^+^ ([Figure 2](#fig2){ref-type="fig"}D), and, of these, 61% were GABA^+^, 55% were DARPP32^+^, 70% were CTIP2^+^, and 46% were CALBINDIN^+^ ([Figure 2](#fig2){ref-type="fig"}E). Importantly, the entire DARPP32^+^ population was CTIP2^+^, an important feature of *in vivo* MSNs ([@bib5], [@bib13]). Also, 27% of the cells expressed GFAP, a glial marker commonly expressed in differentiated hPSC cultures ([Figure 2](#fig2){ref-type="fig"}E).Figure 2*In vitro* MSN Maturation and Action Potential Firing at D60(A--D) Striatal progenitors were generated using condition M3 in 3D hydrogels for 26 days, then subsequently plated and matured on 2D laminin-coated plates until D60 for histology and live imaging analysis. Representative immunocytochemistry images showing co-expression of (A) DARPP32 (red), CTIP2 (yellow), MAP2 (cyan), and nuclei (labeled with DAPI, blue); (B) CALBINDIN (red) with MAP2 (green); (C) GABA (red) with MAP2 (green); and (D) GFAP (red) with MAP2 (green). Scale bars represent 50 μm.(E and F) Quantification of the fraction of cells positive for markers of interest. Data are presented as mean ± SEM for n = 3 independent experiments.(G--J) Voltage-sensitive dye-based recording of spontaneously fired action potential in striatal cultures. (G) Representative bright-field image of recorded cells. (H and I) Plots of ΔF/F versus time for cells labeled in (G). (J) Raster plot showing spiking frequencies for all recorded cells, firing and non-firing.

An important hallmark of neuronal functionality is the capacity to fire membrane action potentials. We used a voltage-sensitive dye-based imaging platform ([@bib24], [@bib43]) to monitor the membrane potential of MSNs derived from striatal progenitors. At D60, cells differentiated entirely on 2D were not active ([Figure S2](#mmc1){ref-type="supplementary-material"}D). In stark contrast, at the same time point, 69% of cells that were differentiated for the first 26 days in the 3D biomaterial spontaneously fired action potentials ([Figures 2](#fig2){ref-type="fig"}F--2I), which interestingly closely corroborated with the fraction of neurons (78% MAP2^+^ cells) observed ([Figure 2](#fig2){ref-type="fig"}E). D60 3D-generated neurons also demonstrated evoked activity ([Figure S2](#mmc1){ref-type="supplementary-material"}E). Due to the apparently slower maturation rate for MSN progenitors differentiated on 2D ([Figure S2](#mmc1){ref-type="supplementary-material"}), we again looked for spiking activity at D90, and observed that 73% (statistically indistinguishable from the D60 3D-derived cells, p = 0.73) of 2D-derived cells spontaneously fired action potentials at this point ([Figure S2](#mmc1){ref-type="supplementary-material"}F). Immunocytochemistry at D90 confirmed that the 2D-generated cells expressed DARPP32, CTIP2, GABA, and MAP2 ([Figures S2](#mmc1){ref-type="supplementary-material"}G and S2H). Our results therefore indicate that early 3D culture substantially accelerates the generation of striatal progenitors and their maturation into striatal neurons, which for therapeutic application may reduce manufacturing time by rapidly generating transplant-ready cells (e.g., 49% DARPP32^+^ cells after 28 days of differentiation), increase throughput, and reduce risk of culture loss due to contamination.

3D-Derived Striatal Progenitors Promote Functional Recovery in HD Mice {#sec2.3}
----------------------------------------------------------------------

We next evaluated whether striatal progenitors generated in 3D could alleviate disease symptoms following transplantation into a mouse model of HD. We employed the R6/2 model of the disease ([@bib32]), which expresses a mutant of exon 1 of the human HTT gene containing ∼120 CAG repeats. This mouse model recapitulates many fundamental aspects of HD, including chorea, tremors, and epileptic seizures ([@bib11], [@bib29]). We transplanted ∼100,000 D35 striatal progenitors bilaterally into the striatum of 5-week-old R6/2 mice ([Figure 3](#fig3){ref-type="fig"}A) and evaluated animals weekly for weight loss, motor deficits ([@bib10]), and clasping ([@bib37]) (a dystonic posture of the hind limbs observed when mice are suspended by the tail).Figure 3Transplantation of 3D-Derived Striatal Progenitors Provides Therapeutic Benefit to HD Mice(A--D) Striatal progenitors generated in 3D hydrogels for 26 days were matured on laminin-coated surfaces for 10 days before harvest and bilateral striatal transplantation into 5-week-old R6/2 mice. Starting 2 weeks after transplantation, disease progression was monitored weekly with (B) clasping, (C) rotarod, and (D) weight change for R6/2 HD mice (purple; n = 12), control untreated HD mice (green; n = 16), and wild-type (WT) mice (gray; n = 11). ^∗∗∗∗^p \< 0.0001 and ^∗^p \< 0.05 for one-way ANOVA with Tukey\'s test for multiple comparisons.(E) Survival data shown in a Kaplan-Meier plot.(F) Mean survival for treated (n = 12) and untreated R6/2 mice (n = 16). ^∗^p \< 0.05 for Welch\'s unpaired t test.Data are shown as means ± SEM. See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

As anticipated, we observed the initial signs of disease-associated clasping at 7 weeks of age in untreated mice ([Figures 3](#fig3){ref-type="fig"}B and [S3](#mmc1){ref-type="supplementary-material"}A). In contrast, clasping in the treated cohort was delayed by 1 week compared with untreated animals and persisted at lower levels than the untreated group over the course of the study (p \< 0.0001) ([Figures 3](#fig3){ref-type="fig"}B and [S3](#mmc1){ref-type="supplementary-material"}A). Untreated mice also showed impaired motor function starting at 8 weeks of age, with rotarod performance continuously deteriorating for the remainder of the study ([Figure 3](#fig3){ref-type="fig"}C). On the contrary, treated mice displayed steady performance on the rotarod, and demonstrated significantly improved motor coordination relative to untreated mice after 10 weeks of age (p \< 0.05) ([Figures 3](#fig3){ref-type="fig"}C and [S3](#mmc1){ref-type="supplementary-material"}B). Furthermore, while untreated mice exhibited weight loss starting at 9 weeks, we observed no reduction in weight in any treated animal until 14 weeks of age ([Figures 3](#fig3){ref-type="fig"}D and [S3](#mmc1){ref-type="supplementary-material"}C). Finally, 94% of untreated mice succumbed to disease between 10 and 13 weeks of age ([Figure 3](#fig3){ref-type="fig"}E). Remarkably, 50% of treated animals lived beyond 13 weeks of age, and furthermore four of these treated animals showed disease symptoms only after 16 weeks of age ([Figure 3](#fig3){ref-type="fig"}C) and were sacrificed between 17 and 20 weeks of age for histology ([Figure 3](#fig3){ref-type="fig"}E). Thus, transplantation of 3D-derived striatal progenitors increased survival in R6/2 mice by at least 16 days, corresponding to a ∼19% increase in lifespan (p \< 0.05) ([Figure 3](#fig3){ref-type="fig"}F). Also, it is possible that lifespan could be extended longer, but the remaining mice were sacrificed at this stage to examine graft morphology.

Implanted Cells Survive and Maintain an MSN-like Phenotype and Integrate in Host Tissue {#sec2.4}
---------------------------------------------------------------------------------------

Transplanted cells must survive and presumably integrate within the host tissue for cell therapy to effectively treat HD and other neurodegenerative diseases. We thus investigated the status of the MSN progenitor grafts in R6/2 mice 12--15 weeks post transplantation (corresponding to an overall age of 17--20 weeks) ([Figure 3](#fig3){ref-type="fig"}). Immunohistochemical analysis revealed the presence of human nuclear antigen (HNA) ([Figures 4](#fig4){ref-type="fig"}A and 4B) on DARPP32^+^ cells. On average, ∼6% of the transplanted MSN progenitors survived in the R6/2 striatum.Figure 4Survival and Integration of Grafted Human Cells(A--D) R6/2 or wild-type mice transplanted with D35 striatal neurons were sacrificed 12--15 weeks post transplantation, corresponding with an overall age of 17--20 weeks. Representative immunohistochemistry images showing expression of HNA (red) and DARPP32 (green) in (A) R6/2 mice or (B) wild-type mice. Co-labeling with Fluorogold (FG, blue) demonstrates connectivity with the substantia nigra. hNCAM (yellow) expressing human cells in (C) sparse surviving graft in R6/2 mice or (D) robust graft in wild-type mice.(E) Nuclear-localized HTT aggregates (red) were seen in many of the hNCAM (green) expressing human cells, some of which are indicated by white arrows, in R6/2 mice.(F) No HTT aggregates were seen in hPSC-derived MSNs transplanted in wild-type mice.Scale bars represent 50 μm. See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

A hallmark of functional striatal grafts and a prerequisite for alleviating HD symptoms by cell therapy is the formation of synaptic connections between the grafted cells and the surrounding neuronal architecture ([@bib35], [@bib40]). One of the primary targets of striatal MSN projections is the substantia nigra, and to investigate this possibility we injected the retrograde tracer Fluorogold (FG) into the substantia nigra 10 weeks after implantation. Notably, we observed retrograde FG labeling of the striatally transplanted human cells ([Figures 4](#fig4){ref-type="fig"}A and 4B), indicating that transplanted MSN progenitors innervated the endogenous host neuronal architecture and corroborating behavioral studies. Our analysis also revealed no cell overgrowth in the striatum. Previously, transplantation of ∼50,000--100,000 striatal progenitors into quinolinic acid (QA) lesioned rodent brains resulted in ∼3--4 million surviving cells 9--16 weeks post transplantation, indicating a high degree of cell overgrowth ([@bib6], [@bib13], [@bib31]). This reported overgrowth could be due to the presence of mitotic progenitor cells in the xenograft. The lack of overgrowth seen here could stem from our transplantation of more mature, post-mitotic MSN progenitors, as indicated by the marker expression profiles identified with immunocytochemistry and qPCR ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}).

Finally, to potentially explain why R6/2 animals transplanted with hPSC-derived MSNs eventually succumb to disease, we hypothesized that the progressive neurodegeneration adversely affects long-term graft viability. To test this possibility, we compared morphology and histology of hPSC-derived MSN grafts in R6/2 mice versus in healthy wild-type mice 12--15 weeks after transplantation. Interestingly, we observed that surviving grafts were smaller and sparser in R6/2 mice ([Figure 4](#fig4){ref-type="fig"}C) relative to wild-type mice ([Figure 4](#fig4){ref-type="fig"}D). Grafts in the wild-type mice were morphologically similar to previously reported grafts in non-degenerative disease models ([@bib31]). This suggested that the progressively neurodegenerative environment in R6/2 mice adversely affected graft viability. To gain additional insights into a potential mechanism of eventual graft failure in R6/2 mice, we investigated HTT localization in grafted mice. Previously, transfer of mutant HTT aggregates from diseased R6/2 brain tissue has been linked to neurotoxicity and abnormal cell morphology of co-cultured healthy hPSC-derived neurons in *ex vivo* brain slices ([@bib38]). Corroborating these previous *in vitro* results, we observed nuclear-localized HTT aggregates not only in R6/2 host tissue ([Figure S4](#mmc1){ref-type="supplementary-material"}A) but also within transplanted human neurons in the R6/2 mice ([Figure 4](#fig4){ref-type="fig"}E). As anticipated, HTT aggregates were not observed in hPSC-derived MSNs transplanted in wild-type mice ([Figure 4](#fig4){ref-type="fig"}F) or in the wild-type host tissue ([Figure S4](#mmc1){ref-type="supplementary-material"}B). This *in vivo* observation offers a potential mechanism for the eventual fate of the graft in R6/2 mice.

Discussion {#sec3}
==========

Robust differentiation strategies for efficiently generating striatal neurons from hPSCs have the potential to advance cell therapies for HD and other neurodegenerative disorders, and the development of scalable and efficient methods for the large-scale manufacturing of striatal neurons could help to foster their translation to the clinic. To this end, building upon prior work with stem cells and biomaterials ([@bib6], [@bib13], [@bib28], [@bib31]), we designed a protocol to efficiently generate striatal populations within a thermoresponsive and scalable PNIPAAm-PEG hydrogel using fully defined conditions. We found that striatal transplantation of the resulting 3D-derived progenitors into the R6/2 mouse model of HD resulted in engrafted cells that displayed an MSN-like phenotype, innervated the host tissue and endogenous neurons, and thereby promoted functional recovery and increased survival.

Several studies have demonstrated the benefits of 3D organoid culture for generating a range of cell types from hPSCs ([@bib12], [@bib26], [@bib45]), and we recently developed protocols for the efficient derivation of midbrain dopaminergic neurons in a 3D biomaterial ([@bib2]). In this study, by utilizing the SHH and WNT signaling pathways, we describe a 3D protocol that enhances rapid striatal differentiation within a biomaterial compared with a 2D control, as indicated by a higher fraction of DARPP32^+^ cells (45% in 3D versus 22% in 2D, at D45), and spiking activity (69% of cells firing in 3D versus none in 2D, at D60). Improved differentiation within a 3D hydrogel could result from material or mechanical cues that prime stem cells for optimal differentiation ([@bib30]) and/or encourage the natural production of an extracellular matrix optimal for the biomimetic development of the desired cell types ([@bib34]). Furthermore, the thermoreversible platform used here enables rapid and facile cell seeding and harvesting and may facilitate large-scale production of different cell types ([@bib28]). Scalable 3D generation of functional cell types may substantially facilitate CRT, disease modeling, drug screening, and *in vitro* organogenesis.

Since striatal MSNs are the most common cell type lost during HD, several protocols for differentiating hPSCs have been pursued, each with varying degrees of efficiency and post-transplantation outcomes ([@bib4], [@bib6], [@bib13], [@bib31]). However, there is no consensus on the optimal age or composition of cells at the time of transplantation for successful HD treatment. [@bib31] used SHH modulation to generate a striatal population consisting of ∼70% DARPP32^+^ cells at D47 and reported complete functional rescue following transplantation of D40 cells in QA lesioned mice, whereas [@bib4] used Activin signaling to produce DARPP32^+^ cells at ∼40% efficiency on D43 but did not observe behavioral improvement post transplantation of D20 cells in QA lesioned rats. In addition, [@bib13] generated DARPP32^+^ cells transcriptionally similar to those found in the brain at ∼20% efficiency at D80, and demonstrated ∼60% recovery in motor function (as tested by apomorphine-induced rotation) that lasted for a relatively modest 6 weeks after transplanting D38 cells in QA lesioned rats. While it is difficult to correlate treatment outcomes with the fraction of DARPP32^+^ cells implanted, especially given the varying transplantation parameters between these studies, it is nonetheless apparent that DARPP32 levels solely may not be a predictive marker of CRT outcome ([@bib4], [@bib6], [@bib13], [@bib31]). There is increasing evidence that a mixed population of striatal cells could be beneficial for alleviating HD symptoms ([@bib40]), with recent work suggesting that glial cells in the striatum may play a pivotal role in HD ([@bib8]). In addition, characterizing differentiated striatal populations via DARPP32 as well as other gene expression, and also using functional metrics, may be increasingly important. With this goal in mind, we used voltage-based imaging to evaluate the spiking characteristics of hPSC-derived striatal neurons quantitatively on a population level, thus incorporating a measure of functional maturation into our differentiation pipeline. Here, the hPSC-derived striatal population matured *in vitro* into ∼40% DARPP32^+^ neurons and ∼27% glial cells, and 69% of all cells were shown to be spiking at D60.

hPSC-derived cells can be evaluated for their ability to improve function following transplantation into an animal model of disease. HD is a genetic disease characterized by progressive neurodegeneration, which occurs initially in the striatum and subsequently spreads to surrounding brain regions, correlating with gradual deterioration of motor and cognitive abilities ([@bib42]). While chemical lesion models have contributed insights into the potential for striatal transplantations for treating HD ([@bib4], [@bib6], [@bib13], [@bib31]), genetic models, including the R6/2 mouse, more closely match the progressive nature of the disease ([@bib32]). Previously, several different cell types were transplanted into the R6/2 striatum, including adipose-derived stem cells ([@bib27]), neural stem cells (NSCs) ([@bib15], [@bib44]), NSC-derived striatal neurons (of which ∼6% were DARPP32^+^; [@bib15]), and mesenchymal stem cells (MSCs) ([@bib41]). NSC and MSC transplantation provided short-term improvement, potentially via the secretion of neurotrophic factors ([@bib27], [@bib41]). However, here graft integration following transplantation of a defined hESC-derived striatal population offers promising, sustained functional improvement.

Cell survival is an important factor for functional enhancement but is likely more challenging to achieve following transplantation to a neurodegenerative environment compared with a chemically lesioned striatum. Accordingly, in some cases, as few as 100 of 450,000 cells have been reported to survive 6 weeks following striatal transplantation in R6/2 mice, a low survival rate that correlated with poor functional recovery ([@bib15]). In contrast, we found that ∼5,700 of 100,000 transplanted cells survived 15 weeks after transplantation, with no signs of overgrowth. This increased survival could be due to transplantation of a more robust population of cells, which consisted of striatal MSN progenitors and glial cells. It is conceivable that survival of engrafted cells may have been even higher shortly after transplantation, and the neurodegenerative environment within the striatum and neighboring regions of the brain (the latter of which could lead to hindered axonal transport of beneficial neurotrophic factors to the striatum; [@bib18], [@bib46]) could combine to compromise viability. Indeed, we observed nuclear-localized HTT aggregates in transplanted human neurons ([Figure 4](#fig4){ref-type="fig"}F), which may contribute to grafted cell death ([@bib38]). Technologies to monitor cell survival, HTT transfer, and graft integration in real time would be beneficial. In addition, strategies to further enhance post-transplantation survival, for example with biomaterial cell delivery platforms ([@bib3]), or biomolecular intervention of HTT aggregation and transfer, may also be useful.

In conclusion, using an optimized differentiation protocol, we generated a functional hPSC-derived striatal population in a scalable 3D platform. The resulting population of cells comprised 43% DARPP32^+^ neurons, of which 69% were electrophysiologically active cells, by D60. Striatal transplantation of these cells into the R6/2 mouse model of HD delayed disease onset, alleviated disease symptoms, and increased average lifespan by 19%. Moreover, ∼6% of transplanted cells survived 12--15 weeks post transplantation and formed synaptic connections with surrounding host tissue. A defined 3D platform therefore offers strong potential for the scalable and efficient differentiation of therapeutically relevant cells to treat neurodegenerative disease.

Experimental Procedures {#sec4}
=======================

Striatal Differentiation {#sec4.1}
------------------------

H1 hESCs (WiCell), H9 hESCs (WiCell), or 8FLVY6C2 hiPSCs (gift from Dr. Joseph Wu; [@bib25]) were differentiated to striatal progenitors on Matrigel-coated 2D surfaces (2D condition) or in PNIPAAm-PEG hydrogels (3D condition) for 26 days ([Figure 1](#fig1){ref-type="fig"}B). The 3D differentiation was initiated 5 days after single cell passage and maintenance in supplemented E8 medium with 10 μM ROCK inhibitor. Cells were exposed to Dual-SMAD inhibition using LDN193189 (100 nM; Stemgent) and SB431542 (10 μM; Selleckchem) for 5 days, followed by LDN193189 (100 nM) for an additional 5 days, either in DMEM-F12 (for condition M1 and M2) or in a 50:50 mixture of DMEM-F12 and Neurobasal medium (for M3) supplemented with 1:100 N2 (Life Technologies), 1:100 B27 (Life Technologies), and 1:100 Glutamax (Invitrogen) for 11 days. After D11, basal medium was switched to Neurobasal supplemented with 1:50 B27 and 1:100 Glutamax. To appropriately anteriorize the differentiating cell clusters, Wnt inhibitor DKK-1 (100 ng/mL; R&D Systems) was added to the culture from D2 to D26 ([@bib13]) for conditions M2 and M3. Similarly, to ventralize the cell clusters the SHH agonist purmorphamine (0.65 μM; Stemgent) was added from D2 to D26. In addition, the neurogenic factors BDNF (20 ng/mL; Peprotech), GDNF (20 ng/mL; Peprotech), dibutyryl-cAMP (1 μM; Santa Cruz Biotechnologies), and IGF1 (10 ng/mL; Peprotech) were used in media formulations from D15 onward ([@bib31]). The 2D differentiation was initiated with \>80% confluent hPSC cultures, and media formulations were followed as described above. Both 2D and 3D cultures were harvested at D26 and reseeded on 0.01% poly-L-ornithine (Sigma-Aldrich) and laminin (20 μg/mL; Life Technologies)-coated plates for continued culture.

Quantitative Immunocytochemistry {#sec4.2}
--------------------------------

Cell clusters in the 3D platform were harvested by dissolving the gel in cold PBS, centrifuging, and re-suspending in 10 mM EDTA. Cells grown on 2D surfaces were harvested using EDTA. After pipet-mixing and dissociating the clusters down to ∼100 μm in size, these smaller clusters were reseeded onto a 0.01% poly-L-ornithine (Sigma-Aldrich) and laminin (20 μg/mL; Invitrogen)-coated plate for 1 day in the relevant differentiation medium before fixing with 4% paraformaldehyde at the appropriate time point. Following three washes with PBS, one wash with 0.2% Triton in PBS, and one wash with 0.1% Triton in PBS, cells were blocked for 1 hr at room temperature on a rocker with primary blocking buffer (2% BSA, 5% donkey serum, 0.2% Triton X-100 in PBS). Primary antibodies diluted in primary blocking buffer were incubated with the cells overnight on a rocker at 4°C. The next day, cells were rinsed three times with PBS, followed by a 2 hr incubation with appropriate secondary antibodies diluted in 2% BSA in PBS. DAPI was added 30 min before the end of the secondary antibody incubation period. Cells were subsequently washed three times with PBS and imaged on a Zeiss AxioObserver fluorescent microscope. The primary and secondary antibodies used, and their respective dilutions, are presented in [Table S1](#mmc1){ref-type="supplementary-material"}A. For the markers CALBINDIN and GABA, the numbers of cells labeled positive were counted in Cell Profiler and expressed as a percentage of total DAPI-labeled cells in the image. The percentage of cells positive for neuronal markers DARPP32 and CTIP2 were manually counted using the cell counter feature in ImageJ.

qPCR {#sec4.3}
----

At specified intervals during differentiation, cells were harvested and mRNA was extracted using a RNeasy Mini Kit (QIAGEN) according to the manufacturer\'s instructions. mRNA was reverse-transcribed using iScript reverse transcriptase (Bio-Rad) and quantified using an iQ5 RT-PCR detection system (Bio-Rad). Data were normalized to GAPDH expression and analyzed using the 2^ΔΔCt^ method. The primers used for qPCR are presented in [Table S1](#mmc1){ref-type="supplementary-material"}B.

Action Potential Analysis by Voltage-Sensitive Dyes {#sec4.4}
---------------------------------------------------

D26 striatal progenitors were harvested from 3D gels or from 2D Matrigel surfaces, seeded as small 50--100 μm clusters on laminin-coated 12 mm glass coverslips, and cultured using the differentiation medium described above. Voltage-sensitive dyes were used to monitor the electrophysiological activity of MSNs as previously described ([@bib20], [@bib33], [@bib43]). For experiments measuring spontaneous neuronal activity, the cells were incubated with 1 μM voltage-sensitive dye VoltageFluor in HBSS at 37°C for 15 min. Functional imaging of MSN cells was performed using a 20× objective paired with image capture from the ORCA-Flash4.0 camera (Hamamatsu) at a sampling rate of 100 Hz. VoltageFluor dye was excited using a 488 nm LED (light-emitting diode) with an intensity of 2.5 W/cm^2^. For image analysis, a custom MATLAB routine (SpikeMapper, available upon request) was employed. Cells were selected by drawing regions of interest in a differential interference contrast image corresponding to the video and outputting the bleach-corrected trace as an Excel file. The spike times (measured as frames in which the intensity was greater than 3× the standard deviation of the overall trace) were outputted as a text file, and represented as spiking traces. For evoked activity experiments, cells were stimulated with a 1 ms, 60 V pulse from a trans-well stimulation electrode powered by a Grass SD9 Stimulator unit. Images were focused onto the ORCA-Flash4.0 using a 20× objective.

Cell Transplantation and Behavior Assays {#sec4.5}
----------------------------------------

All procedures in animals followed established NIH guidelines for animal care and use and were approved by the University of California, Berkeley, Animal Care and Use Committee (ACUC), the Committee for Laboratory and Environmental Biosafety (CLEB), and the Stem Cell Research Oversight committee (SCRO). Animals were placed in gender and pre-transplantation rotarod score matched groups, with group sizes determined using power analysis. All experimental and control animals were housed under the same conditions as approved by the Berkeley Office of Laboratory Animal Care (OLAC).

An H1 hESC-derived striatal population that was generated in PNIPAAm-PEG hydrogels using protocol M3 for 26 days, and subsequently matured on a 2D laminin-coated surface for 10 days, was harvested using 0.5 mM EDTA and manually mixed to generate small 50--100 μm clusters in Neurobasal medium (Invitrogen), and 100,000 cells in 2 μL were bilaterally injected into each striatum of 5 weeks postnatal R6/2 mice (Jackson, B6CBA-Tg(HDexon1)62Gpb/3J with 120 ± 5 CAG repeat units) at stereotaxic coordinates 0.50 mm AP, ± 1.75 mm medio-laterally (ML), and −2.0 mm dorso-ventrally (DV) using a Hamilton syringe. Starting 1 day before surgeries, mice were immunosuppressed with daily intraperitoneal injections of 10 mg/kg cyclosporine A for the duration of the experiment. Control mice that did not receive cells were similarly immunosuppressed. A separate cohort of 5-week-old wild-type mice, which were not part of the behavioral experimental group, were also transplanted with D35 MSNs to analyze graft morphology in a healthy brain.

Starting 2 weeks after striatal transplantations, at 7 weeks postnatal, disease progression in all animal groups was monitored weekly with the rotarod assay, clasping test, and weight measurements. For the rotarod assay, animals were placed onto a Rotamex-5 rotarod (Columbus Instruments), and their latency to fall (in seconds) was measured as the average of three of five trials, after discarding the highest and lowest scores. Each trial consisted of the rotarod accelerating from 4 to 40 rpm over 160 s. For the clasping test, mice were suspended by their tails for 30 s, and clasping behavior was scored between 0 and 3 as follows: 0, normal; 1, clasped hind limbs, but limbs are released within 30 s; 2, clasped hind limbs but recovers quickly only when released; 3, clasped hind limbs but failed to recover easily when released. Rotarod scores and weights were normalized to values at 7 weeks postnatal. End stage was determined when a clasping score of 3 was observed, or when mice reached 80% of their initial weight.

For retrograde labeling experiments, 2 μL of 2 w/v% Fluorogold (Santa Cruz Biotechnology) dissolved in 0.9% saline was injected into the substantia nigra of a subset of R6/2 animals with engrafted MSNs at stereotaxic coordinates −3 mm AP, ±1.2 mm ML, and −4.5 mm DV. Animals were sacrificed after 7 days for histology.

Histology and Immunohistochemistry {#sec4.6}
----------------------------------

For histology, mice were sacrificed at 17--20 weeks postnatal using intracardiac perfusion with PBS followed by 4% paraformaldehyde. Brains were harvested and fixed in 4% paraformaldehyde overnight and transferred to 30% sucrose the following day. Following sufficient dehydration, brains were sectioned using a microtome to 40-μm-thick slices and stored in cryopreservation solution at −20°C. Following three washes with PBS, one wash with 0.2% Triton in PBS, and one wash with 0.1% Triton in PBS, sections were blocked for 1 hr at room temperature on a rocker with primary blocking buffer (2% BSA, 5% donkey serum, 0.2% Triton X-100 in PBS). Primary antibodies diluted in primary blocking buffer were incubated with the slide-mounted sections for 48 hr at 4°C. Next, sections were rinsed three times with PBS, followed by a 4 hr incubation with appropriate secondary antibodies diluted in 2% BSA in PBS. DAPI was added 30 min before the end of secondary antibody incubation period. Sections were subsequently washed three times with PBS and coverslipped with Fluoromount (Sigma-Aldrich). Sections were imaged on a Zeiss AxioObserver fluorescent microscope or on a Zeiss LSM 710 AxioObserver confocal microscope. The various primary and secondary antibodies used, and their respective dilutions, are presented in [Table S1](#mmc1){ref-type="supplementary-material"}A. The percentages of cells positive for the HNA were manually counted using the cell counter feature in ImageJ, and total number of surviving cells were quantified using Abercrombie\'s principle ([@bib1]).
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